Purpose: To follow up the clinical outcome of patients with suspected pulmonary embolism (PE), in those only imaged using unenhanced, free-breathing magnetic resonance imaging (MRI). Methods and materials: Fifty-seven patients aged 29-99 years (mean 70, SD 18) that could not undergo Computed Tomography Pulmonary Angiography (CTPA) were offered alternative imaging diagnostics in parallel with ongoing methodological studies validating MRI vs CTPA. Contraindications included renal failure (n = 44), severe iodine contrast allergy (n = 10), pregnancy (n = 2) and radioactive iodine therapy (n = 1). The unenhanced MRI protocol was based on free-breathing, steady-state free precession with no cardiac or respiratory gating. Retrospective review of the electronic medical record (EMR) was made of 0-12 months post-imaging and was collected during 2012-2018. Results: All 57 MRIs were of diagnostic quality and 12 pulmonary embolisms were diagnosed. Of the 57 patients, 44 were already on, or had started anticoagulation therapy due to clinical suspicion of PE. Four of the patients were put on anticoagulation after the positive MRI and 13 were taken off anticoagulation after a negative MRI report. Other diagnoses reported (considering dyspnea) were pleural effusion (n = 24), consolidation (n = 12) and pericardial effusion (n = 2). One patient had a deep vein thrombosis (DVT) within three months of our negative MRI result and then had a stroke within one year. Another patient suffered a stroke within three months of being diagnosed (by MRI) with PE and given anticoagulation as treatment. Conclusions: Our method supported or altered clinical decision-making and treatment in this cohort. A diagnostic tool for PE without intravenous contrast agent or radiation is of great benefit for certain patients.
Introduction
Pulmonary embolism (PE) is a severe medical condition and one of the most common causes of death within the range of cardiovascular diseases with an incidence of 1-2 per 1000 inhabitants in Europe and USA. Due to its nonspecific signs and symptoms, it is commonly underor misdiagnosed clinically [1] [2] [3] [4] [5] [6] . The imaging method of choice for diagnosing this condition at present is computed tomography pulmonary angiography (CTPA), due to its high sensitivity and specificity, it being readily available and having a short acquisition time [3, 5, 7] . However, it does have drawbacks, the most important being the use of iodinated contrast material and ionizing radiation, giving contrast material allergy, renal insufficiency and pregnancy relative contraindications [4, 6, 8] . It is estimated that about 25% of patients with suspected pulmonary embolism have contraindications for this diagnostic method [9] .
Concerning the iodinated contrast material, there are two main issues, one being severe contrast allergy and the other and more critical, being CIN (contrast medium-induced nephropathy). There is an ongoing debate about the impact of iodinated contrast material on kidney function and the causes of CIN. Although evidence points to a multifactorial cause, the recommendations for the use of contrast medium are quite clear and based on defined risk factors and the Glomerular Filtration Rate (GFR) of the patient [10] [11] [12] [13] [14] .
In terms of radiation, the number of CTPA and CT examinations performed in general has been increasing over the past number of years https://doi.org/10.1016/j.ejro.2019.08.004 Received 18 July 2019; Received in revised form 15 August 2019; Accepted 16 August 2019 [15] . With the increasing number of examinations, the amount of ionizing radiation that the population is exposed to has also increased and so there is concern over the amount of radiation exposure used in medical imaging, particularly in young patients [16] . We have data suggesting that the cumulative doses of about 50-60 mGy might triple the risk of leukemia and brain cancer in children [17] . There is also a concern in exposing young female patients to radiation, due to the high sensitivity of their breast tissue [16, 18] .
Previous studies have shown that MRI has lower efficacy than CTPA, especially regarding subsegmental emboli [6, [19] [20] [21] [22] . Advances in the technological aspects of CTPA has made it possible to see very small subsegmental emboli. This has led to a considerable increase in the number of pulmonary embolisms being diagnosed, but without a corresponding decrease in mortality due to this condition [23] [24] [25] [26] . There are still questions to the clinical significance and benefit in finding or treating these subsegmental emboli with anticoagulation. On the one hand, we have the proposed increased risk for future VTE and development of Chronic Thromboembolic Pulmonary Hypertension (CTEPH) and on the other hand the risk of bleeding complications that is estimated to be as high as 8% [23, 24, [27] [28] [29] [30] . Moreover, there is also some reader disagreement in CT angiographies, which is estimated to be at 30-37% in different studies [28] .
Different MRI protocols, both with and without the use of contrast agents, have been used for diagnosis of pulmonary embolism with varying results. Oudekerk et al. showed a specificity of 95% and a sensitivity of 77% for segmental (and larger vessels) emboli. Kalb et al.
showed similar results with a specificity of 100% and a sensitivity of 67% for respiratory triggered SSFP. PIOPED III demonstrated 78% sensitivity and 99% specificity on technically adequate angiographies. Our study is based on the protocol introduced by Nyren et al. and showed a specificity of 100% and sensitivity of 90-93% with the interreader agreement of 0.97 [36] .
The purpose of this retrospective study was to determine the clinical outcome of patients with suspected pulmonary embolism (PE) that could not undergo CTPA and thereby the effectiveness of this diagnostic method that is an unenhanced, free-breathing MRI protocol.
Methods and materials
The study was performed according to the Declaration of Helsinki and approved by the local Ethics Committee.
We reviewed the electronic medical record (EMR) of all patients at Karolinska University Hospital between Feb 2012 and April 2018 that could not undergo CTA due to renal failure, severe contrast allergy, pregnancy or radioactive iodine therapy and that were offered an alternative at our teaching hospital in parallel with ongoing methodological studies validating MRI vs CTPA. EMR review was performed to determine the following:
1 Diagnostic-quality of the examination 2 PE 3 Other findings than PE 4 The outcome in the form of a review of EMR at three months and one-year post-imaging for any VTE (Venous Thromboembolism, DVT and PE).
There was no restriction for patient recruitment other than contraindication for MRI.
Only a few of physicians in our teaching hospital who, having been informed about this ongoing project, referred patients to us when there were no other diagnostic options available. This diagnostic method was (is) not yet a standard method and this goes some way to explain the low number of patients referred to us and included. Two attending radiologists reviewed all exams in line with our institution's standard protocol. No changes were made to preliminary result after the second read. This study did not include any additional readings of the data, only a review of EMR. The criteria for a false negative were any occurrence of VTE (Venous Thromboembolism, DVT and PE) in the year following a negative MRI examination result [31] .
The study cohort consisted of a total of 57 patients, with all having a one year follow up (100%). There were 27 females (47%) and 30 males (53%), age 29-99 years with a mean age of 70 (SD = 18). The examination was made due to renal failure in 44 cases (77%), severe iodine contrast allergy in 10 cases (17%), pregnancy in two (4%) and radioactive iodine therapy in one case (2%). (Fig. 1 , Reasons for not being eligible for CTPA).
Thirty-one of our patients were already on anticoagulation due to other reasons than suspected PE. Reasons being dialysis (n = 5), atrial fibrillation (n = 10), recent surgery (n = 4), other reasons like NSTEMI and prior PE etc. (n = 12). Additionally, 13 patients were put on anticoagulation due to clinical suspicion of PE before the MRI examination. Subsequently, a total of 77 per cent (44/57) were on anticoagulation therapy at the time of MRI examination.
( Fig. 2 , number of patients on anticoagulation at the time of MRI examination).
The MRI protocol used has been published previously in a study comparing the technique to CTPA by Nyrén et al. [36] ; "Patients were placed (supine, head-first) in a 1.5 T MRI scanner (Magnetom Aera, Siemens Medical Systems, Erlangen, Germany). A dorsal 32-element spine matrix coil integrated into the table and a ventral 18-element body matrix coil was used. The MRI protocol was based on a 2D freebreathing steady-state free precession (SSFP) sequences, without use of an intravenous contrast agent, respiratory, or electrocardiographic gating. The patients received no specific breathing instructions. Parameters: flip angle, 70o; field of view, 450 mm; matrix size, 256 × 256; voxel size, 0.9 × 0.9 × 4.5 mm; TE, 1.23-1.26 ms; TR, 2.8 ms; slice thickness, 4.5 mm; overlap, −2.7 mm (60%); acquisition time, 9 min 34 s.
Acquisition time in each plane were: axial, 3 min 50 s; sagittal and coronal, 2 min 52 s each. Five slices were obtained in each anatomical position in three orthogonal planes, generating stacks of approximately 500 images in each plane (axial, 600; sagittal, 450; and coronal, 450). The 1500 images were sorted by position, generating stacks with multiple images in various phases of the breathing and cardiac cycle. Pulmonary embolism was confirmed if one or more vascular signs were present: a complete filling defect, a partial filling defect and/or freely floating thromboembolic masses in the vessel. Additional findings were noted, such as signs of pleural or pericardial effusion, consolidation, malignancy."
We used the clinical outcome of the patients to determine the effectiveness of this diagnostic method as we did not have any reference standard [31] [32] [33] . Any VTE (Venous Thromboembolism, DVT and PE) during the one-year follow-up on a negative MRI result was considered as a false negative. We considered a positive MRI result for PE to be a true positive, while a negative MRI and no VTE during the follow-up period was considered true negative. False positive cannot be distinguished since we do not have any reference standard.
All the statistical analysis was calculated with MedCalc on-line statistical software and Microsoft Excel.
Results
A retrospective review was done for our cohort of patients who underwent MRI instead of CTPA due to renal failure, contrast agent allergy, pregnancy or radioactive iodine therapy between 2012 and 2018 at Karolinska University Hospital in Stockholm.
All the examinations were of diagnostic quality. We had a total of 12 positive PE cases according to MRI results. Four of these cases were put on anticoagulation after a positive exam report. There were also 13 who were put on anticoagulation due to clinical suspensions which were taken off anticoagulation after a negative exam report. (Fig. 3 , Patient flow and results in our study) A number of other diagnoses were also reported regarding dyspnea. These reports included pleural effusion (n = 24), consolidation (n = 12) and pericardial effusion (n = 2).
There was one DVT case within three months following a negative MRI result, and the same patient had a stroke within one year. There was also one case of stroke within three months in a patient with a positive MRI result for PE, who was put on anticoagulation after the result. Within our study population, eight patients died within three months, and six died within one year due to reasons other than VTE (Venous Thromboembolism, DVT and PE) according to EMR. Using the VTE as a possible case of false-negative etc, the above-mentioned results give the following statistical data: Sensitivity of 92.31% (95% CI, 63.97-99.81), specificity of 100% (95% CI, 91.96-100), PPV of 100%, NPV of 97.78% (95% CI, 87-99.66).
Few examples of the cases where our method supported or altered clinical decision and/or treatment. Each example contains two MP4 movies in axial and coronal planes. These clips are 20 s each and cover areas of interest.
Patient 1
71-year-old male not eligible for CTPA due to renal failure. Positive MRI for saddle emboli. Other diagnosis reported included, a small amount of pulmonary effusion and dilatation of the pulmonary trunk (Movie 1 & 2) .
Patient 2
75-year-old female not eligible for CTPA due to severe allergy. Negative MRI for pulmonary emboli. She was put on anticoagulation due to clinical suspicion of PE. Anticoagulation was stopped after the negative MRI result.
Other diagnosis reported included a large amount of pulmonary effusion and consolidation bilaterally (Movie 3 & 4).
Patient 3
78-year-old male not eligible for CTPA due to renal failure. Positive MRI for pulmonary emboli in the proximal left lower lobe artery.
He was put on anticoagulation due to a positive MRI result.
Other diagnosis reported included a small amount of left-sided pulmonary effusion and parenchymal changes in the right lower lobe of chronic/fibrotic character (Movie 5 & 6).
Patient 4
82-year-old female not eligible for CTPA due to renal failure. Negative MRI for pulmonary emboli. She was put on anticoagulation due to clinical suspicion of PE. Anticoagulation was stopped after the negative MRI result.
Other diagnosis reported included right middle lobe atelectasis (Movie 7 & 8).
Patient 5
51-year-old male not eligible for CTPA due to severe contrast allergy.
Positive MRI for emboli in the lower right lobe artery. He was put on anticoagulation after the positive MRI result.
Other diagnosis reported included a small amount of bilateral pleural effusion and small pulmonary infarct in the left lower lobe (Movie 9 & 10).
Discussion
Magnetic resonance imaging is continuously evolving but has still not gained full validation as an alternative imaging method in patients with suspected pulmonary embolism and with relative contraindications to CTPA [34, 35] . Nyrén et al. have designed a short MRI protocol (10 min) with high sensitivity and specificity. The unenhanced MRI protocol is based on free-breathing, steady-state free precession with no cardiac or respiratory gating [36] . The goal is to use MRI as a first-line imaging method in the clinical setting in the management of patients with relative contraindications to CTPA, as described earlier.
In this study, we used the clinical outcome to measure the effectiveness of the MRI examination, as we did not have any reference method of evaluation. In that regard, the results look very promising, as only one possibly false negative was observed from a total of 57 examinations. The results also altered the course of treatment in four cases, who were put on anticoagulants due to a positive MRI result and 13 who were taken off anticoagulants due to a negative MRI result. Moreover, a total of thirty-eight other thoracic findings or diagnosis with consideration to dyspnea were also reported, where some were previously unknown, and others were supporting a previously known condition. This demonstrates that our MRI protocol can help in diagnosing PE as well as other conditions. This has also been the case in other studies where coincidental findings such as aortic dissection and hemothorax have been diagnosed and reported [22, 37] . Another advantage with MRI is that after ruling out PE, an extensive cardiac MRI or venography of the legs can be added to the examination for an extended diagnostics [34] .
One of the main issues with MRI in the diagnosis of PE as shown by PIOPED III is the number of technically inadequate images, so the suggestion was that the examination should be performed only in trained centers [19] . We had no technically inadequate images in our study, nor did Nyrén et al., who used the same protocol in their preliminary study [36] . Thus, it can be concluded that our protocol is simple for the patients as no breath-holding or other instructions need to be followed, easily applied by the radiographers as no cardiac or respiratory gating is needed and also easy for readers.
Magnetic resonance imaging technology is rapidly evolving, and over the past decades has improved significantly with a faster acquisition, larger coverage and faster reconstruction. Increasingly, more studies show that MRI is a reliable imaging modality in diagnosing acute pulmonary embolism with the advantage being that there is no ionizing radiation or use of iodinated contrast agent, not to mention that specific sequences can be performed without breath holding. Therefore, MRI may provide a safer alternative to CT angiography in diagnosing PE in patients with relative contraindications to CTPA.
Our method supported or altered clinical decision and treatment in this cohort. We conclude that our short, easily applied protocol can help in the management of patients who have difficulty with breath-holding and in particular, in those with contraindications to CT angiography; however, because of the small size of this study, further clinical validation is required.
Limitations
There are several limiting factors in this study where some of them are already mentioned. Here we will address only two of these that we think are the most important ones.
First, is the number of patients included in this study. Reason for this being that only a few physicians in our teaching hospital were informed about this ongoing project and the method was only used when there were no other diagnostic options available. Selection bias must also be mentioned here since most of our patients were elderly with a mean age of 70 (SD 18) and ill with multiple disorders.
Equally important is the fact that there was no other diagnostic method for comparison to the MRI results. Although using clinical outcome has been used in many studies before, having a gold standard as a reference would have made the results more robust and the statistics more reliable. 
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